We present a detailed numerical study of inhomogeneous Big Bang nucleosynthesis where, for the first time, nuclear reactions are coupled to all significant fluctuation dissipation processes. These processes include neutrino heat transport, baryon diffusion, photon diffusive heat transport, and hydrodynamic expansion with photon-electron Thomson drag. Light element abundance yields are presented for broad ranges of initial amplitudes and length scales for spherically condensed fluctuations. The 2 H, 3 He, 4 He, and 7 Li nucleosynthesis yields are found to be inconsistent with observationally inferred primordial abundances for all but very narrow ranges of fluctuation characteristics. Rapid hydrodynamic expansion of fluctuations late in the nucleosynthesis epoch results in significant destruction of 7 Li ( 7 Be) only if the baryonic contribution to the closure density (Ω b ) is less than or comparable to the upper limit on this quantity from homogeneous Big Bang nucleosynthesis. This implies that 7 Li overproduction will preclude an increase on the upper limit for Ω b for any inhomogeneous nucleosynthesis scenario employing spherically condensed fluctuations.
Introduction
In this work we study the primordial nucleosynthesis process in the presence of nonlinear sub-horizon scale baryon-to-photon number fluctuations. Our study is unique in that we couple all relevant hydrodynamic dissipation processes to nuclear reactions. It is our goal to further the understanding of Big Bang nucleosynthesis to the point where it can be used to probe the fluctuation-generation physics of the very early universe.
Homogeneous standard Big Bang nucleosynthesis (hereafter, HBBN; Wagoner, Fowler, & Hoyle 1967; Wagoner 1973) has become one of the most important and successful tools for constraining the physics of the early universe (cf. Schramm & Wagoner 1977; Yang et al. 1984; Walker et al. 1991; Smith, Kawano, & Malaney 1993; Malaney & Mathews 1993 ; see also the discussion in Kolb & Turner 1990) . Comparision of light element nucleosynthesis yields with observationally inferred primordial abundances allow limits to be placed on the baryon-to-photon ratio (η) and the expansion rate of the universe and, hence, the energy density during the nucleosynthesis epoch. One of the key assumptions of HBBN is that η is homogeneously distributed.
By contrast, in inhomogeneous standard Big Bang nucleosynthesis (IBBN) the assumption of a homogeneous spatial distribution of η is relaxed. In studies of IBBN the object is to calculate primordial nucleosynthesis abundance yields associated with a given spectrum of baryon-to-photon number fluctuations extant at the nucleosynthesis epoch.
If this can be done with confidence then the usefulness of Big Bang nucleosynthesis for constraining the physics of the early universe can be extended. In particular any process which generates fluctuations prior to the nucleosynthesis epoch may be subject to constraint. Possible fluctuation generation processes associated with the QCD-epoch, the electroweak transition, and topological defects among others are discussed in the review by Malaney & Mathews (1993) . Nonlinear fluctuations on the small spatial scales which could affect primordial nucleosynthesis may even be produced in an inflationary epoch (cf. Dolgov & Silk 1992) .
The hydrodynamic evolution of fluctuation characteristics from production at very early times (T < ∼ 100 GeV) through the nucleosynthesis epoch (T ≈ 1 keV) is discussed in Heckler & Hogan (1993) and -hereafter referred to as JF93. In the present study we add to that work a calculation of the light element nucleosynthesis yields associated with the fluctuation evolution.
The calculation of primordial nucleosynthesis yields in inhomogeneous conditions has received extensive previous treatment (e.g. Epstein & Petrosian 1975; Applegate, Hogan, & Scherrer 1987; Alcock, Fuller, & Mathews 1987; Malaney & Fowler 1988; Fuller, Mathews, & Alcock 1988; Terasawa & Sato 1989abc; Kurki-Suonio & Matzner 1989; Kurki-Suonio et al. 1990; Mathews et al. 1990 ). These and other IBBN calculations are reviewed in Malaney & Mathews (1993) . A vexing problem in computing IBBN abundance yields is that dissipative processes which modify fluctuation characteristics can proceed on time scales which are comparable to or shorter than nuclear reaction time scales. The fluctuation damping processes which can be important in the epoch between T ≈ 1 MeV and T ≈ 1 keV are baryon diffusion, photon diffusive heat transport, and hydrodynamic expansion. In fact, even the most sophisticated of the calculations listed above neglect all fluctuation dissipation processes except for baryon diffusion.
Neglect of photon diffusion and hydrodynamic expansion in previous IBBN work has left considerable uncertainty in the nuclear abundance yields to be expected from given fluctuation characteristics. Alcock et al. (1990) showed that the rapid hydrodynamic expansion of fluctuations that sets in after e ± -pair annihilation conceivably could result in changes in the 2 H and 4 He yields and in particular destruction of 7 Li by orders of magnitude. This uncertainty in 7 Li production has diminished the usefulness of IBBN as a constraint on primordial inhomogeneity.
In this paper we present the results of IBBN calculations which, for the first time, couple nuclear reactions with photon diffusion, hydrodynamic expansion, and neutron, proton and ion diffusion. We also include neutrino heat conduction which modifies fluctuations prior to the nucleosynthesis epoch. Nucleosynthesis yields are computed for broad ranges of initial fluctuation characteristics. These calculations allow us to confidently predict the 2 H, 3 He, 4 He, and 7 Li abundances to be expected for particular fluctuation configurations.
In Section (2) we describe how fluctuations are modeled and numerically evolved through the nucleosynthesis epoch. In this section we discuss how fluctuation damping proccesses are coupled with nuclear reactions in a multi-spatial-zone calculation. Section (3) presents the results of our numerical computations of nucleosynthesis yields. Conclusions are given in Section (4).
Numerical Fluctuation Evolution and Nucleosynthesis Calculations
We numerically evolve spherically condensed fluctuations from T = 100 MeV through the end of the nucleosynthesis era at about T ≈ 1 keV. Initial fluctuation characteristics are specified at the epoch where T = 100 MeV. We consider fluctuations in baryon-to-photon number. These are equivalent to fluctuations in the entropy-per-baryon as discussed in JF93. We will adopt the notation of that paper here. The amplitude of a fluctuation in η at a position x is defined in terms of the average net baryon number density in the horizon, n b , and the appropriate baryonic density n i (x) as,
This expression represents the amplitude for fluctuations in protons or neutrons when the subscript i is replaced by p or n, respectively. Fluctuation amplitudes in light element number density are denoted in a similar fashion. For example, the spatial distribution of the 4 He overdensity is described by ∆4 He (x). If ∆(x) has no subscript it is understood to represent the fluctuation amplitude in total net baryon number density at position x.
We assume that the horizon volume at T = 100 MeV is filled with a regular lattice of identical spherical cells, each of which has a Gaussian shape fluctuation at its center.
Although this is certainly an idealization, the anti-correlated domains expected from, for example, a homogeneous nucleation of phase, should approximate a regular lattice. Meyer et al. (1991) have studied the changes in IBBN abundance yields to be expected for a distribution of fluctuation centers arising from a realistic nucleation process. In that work the more realistic distributions give slight increases in the 4 He abundance yields. Our calculated abundance yields should be similarly modified where appropriate.
We refer proper lengths to a comoving scale at T = 100 MeV. Consider a length scale comoving with the Hubble expansion which is measured to have proper length L at an epoch where the temperature is T and the scale factor is R(T ). The "comoving" length associated with this length scale L is defined to be L 100 ,
where R 100 is the scale factor for the universe at the epoch where T = 100 MeV. In what follows we set R 100 = 1.
The initial distribution of baryons in the horizon is specified by giving three fluctuation characteristics: the amplitude; the Gaussian width; and the radius of the spherical fluctuation cell. Figure 1 shows a schematic representation of our fluctuation distribution.
In this figure we plot log 10 ∆(x) against position. The Gaussian width of the fluctuations is 
where ∆(center) represents the value of ∆ at the peak of the Gaussian distribution and ∆(edge) represents the minimum value of ∆ on the edge of a spherical cell. Thus Λ is a measure of the density contrast between high and low density regions of the spherical cell volume. With these definitions the initial baryon number distribution, for Λ >> 1,
where x 100 is the comoving radial coordinate, and A is a normalization constant determined by, 
In equation (4a) we have assumed that Λ >> 1, but in our numerical calculations we consider the general case.
Our computations follow the evolution of only one spherical fluctuation cell. We employ reflective boundary conditions at the edge of the spherical cell for all diffusive and hydrodynamic flows. Reflective boundary conditions are appropriate in the limit where the fluctuation cells form a regular lattice (cf. Figure 1 ).
We divide a spherical fluctuation cell into 24 spatial zones. We solve for the hydrodynamic evolution of the fluctuation cell in the manner described in JF93 but with special modifications for treating coupled nuclear reactions and photon dissipative processes. Baryons, ions, and heat are transported between zones by radiative conduction of neutrinos and photons, diffusion, and hydrodynamic flows. We also follow the annihilation of e ± -pairs in detail. However, the effects of muon and pion annihilation are neglected in these computations. This approximation is justified in the discussion in JF93.
Nuclear abundances and the energy density in each zone can be modified by nuclear reactions. We include the effects of nuclear reactions in our evolution calculations by solving a reaction network in each spatial zone. The reaction network in each zone is coupled to the nuclear evolution in the other zones through baryon and ion diffusion and hydrodynamic processes. Nuclear reactions in each zone are followed in a manner similar to that of the Wagoner (1967; 1973) code as updated by Kawano (1992) . The reaction network in our calculation includes nuclei up to and including mass A = 12. The reaction rates employed are somewhat modified from the Smith, Kawano, & Malaney (1993) study and are discussed in Section 3.
As in Wagoner et al. (1967) we employ a second order Runge-Kutta driver to follow the time evolution of the nuclear abundances Y k i (i -nuclide index, k -zone index), the scale factor R, and the cosmic average temperature T . The Y k i are number fractions of nuclear species i relative to hydrogen (protons) in zone k. In the Runge-Kutta algorithm, changes in nuclear abundances and thermodynamic quantities are computed twice and averaged for each time step.
We employ a fully implicit differencing scheme for the simultaneous coupling of nuclear reactions and neutron diffusion. In this scheme we invert a matrix of nuclear reaction rates and zone-to-zone neutron diffusion rates for each time step. Neutron diffusion and nuclear reactions must be coupled completely implicitly in order to follow the nuclear evolution of high amplitude fluctuations. This is because nuclear reaction and neutron diffusion time scales can become comparable for these fluctuations. Neutron diffusion rates for smaller amplitude fluctuations are usually not as fast as typical nuclear reaction rates. A coupling scheme for high amplitude fluctuations which employs only a partially implicit algorithm requires decreasing time steps. This may result in a time-step-crash. In our calculations we find that an explicit coupling of proton and ion diffusion with nuclear reactions is sufficient to follow the evolution of nuclear abundances accurately.
Photon diffusive heat transport, hydrodynamic expansion with radiation drag, and nuclear reactions are adequately modeled with an explicit coupling in our numerical computations. The physics of fluctuation modification by photon diffusion and hydrodynamic expansion is studied in JF93. In that work it is shown that a key quantity for determining the efficacy of these processes is the photon mean free path l γ (x, t). Photons can be either optically thick or optically thin across a spatial zone, according to whether l γ (x, t) (evaluated at the zone center) is smaller than or larger than the zone size.
Our numerical calculations employ a diffusive photon heat transport scheme when photons are optically thick. Zones coupled in this manner are well approximated as being in pressure equilibrium with each other. The effects of photon diffusive heat transport during a time step are modeled by expansion or contraction of individual zones to obtain a new pressure equilibrium. In this manner zones evolve through a succession of pressure equilibrium states. This scheme will be accurate as long as the sound crossing time is short compared to the photon diffusive heat transport time between zones. We employ a
Lagrangian grid to facilitate the modeling of expansion or contraction of individual zones.
In the limit where photons are optically thin the approximation of pressure equilibrium between zones breaks down. In this case pressure gradients result in local acceleration of fluid elements. Fluid velocities rapidly obtain terminal velocities due to photon-electron Thomson drag JF93) . In our IBBN calculations we neglect acceleration times and treat terminal velocities as being attained instantaneously. We determine terminal fluid velocities by balancing local pressure-gradient-induced hydrodynamic stresses against radiation drag forces. In our calculations hydrodynamic expansion is modeled with an Eulerian grid which allows for fluid motions across zone boundaries.
In the calculations of fluctuation evolution it is common to encounter a situation in which the high density central zones are optically thick to photons while the low density outer zones are optically thin. An exact treatment of the momentum transfer between baryons and photons in this case would require a solution of the Boltzmann equation.
In this study we approximate the transition between optically thick and thin transport regimes by using a superposition of the techniques outlined above for the two limiting cases.
We introduce an independent set of "photon zones". These zones are required to be larger than the photon mean free path at any point and time. The photon zones and baryon zones are taken to be initially coincident at T = 100 MeV. For lower temperatures the photon mean free path can grow rapidly, especially during the e ± -pair annihilation epoch. This necessitates employing a re-zoning procedure to produce increasingly larger photon zones. Eventually photon zones and baryon zones are not coincident. For example, one photon zone could include a cluster of baryon zones, each having different baryon content and nuclear abundances but the same photon temperature. In regimes where rapid hydrodynamic expansion occurs the entropy generation due to radiation drag is rapid enough to justify an assumption of uniform photon, electron, and baryon temperature.
Where baryon and photon zones are not coincident the numerical procedures for computing fluid velocities and pressure equilibrium conditions must be chosen carefully in order to avoid time step and spatial instabilities. In our IBBN calculations local fluid velocities are determined by an effective pressure gradient between adjacent baryon zones.
This effective pressure gradient includes contributions from gradients in effective photon temperature as well as from gradients in neutron, proton, ion, and electron pressures. In the case where photon zones contain many baryon zones we assign effective photon temperatures to each baryon zone. These effective temperatures are assigned by interpolating between photon temperatures in adjacent photon zones. In this procedure we allow for fluid movements across common baryon and photon zone boundaries.
We employ a three step algorithm for computing the effects of fluid flow, heat transport, and radiation drag on fluctuation evolution. First we compute changes in energy density in photon zones arising from photon heat diffusion. This causes deviations from pressure equilibrium between photon zones. In the second step we compute the effects of local effective pressure gradients and associated fluid movements across baryon zone boundaries. Finally we expand or contract baryon and photon zones to achieve pressure equilibrium where appropriate.
In order to obtain optimal convergence in nucleosynthesis yields we place most of the baryon zones where the baryon number gradients are largest. Figure 2 Several important general trends and results are evident in our IBBN calculations.
We find that fluctuations whose cell center separations satisfy 2l s 100 < ∼ 1 m are effectively damped to near homogeneity by the onset of nuclear freeze-out at T ≈ 100 keV (see Boyd, Mitchell, & Meyer (1993) indicates that this process may play an important role in late-time 7 Li destruction. We have not incorporated this new rate into our calculations, but its effect may be to decrease our 7 Li yields by about a factor of two. We discuss the effects of dissipation processes and nuclear reaction uncertainties on 7 Li IBBN yields in Section 3.2.
The studies by Heckler & Hogan (1993) and JF93 show that fluctuations with a broad range of characteristics, but possessing initially large amplitudes, will have convergent evolution. These fluctuations are damped efficiently by neutrino heat conduction at high temperatures (T ≈ 50 − 80 MeV) and converge to a generic amplitude (η ∼ 10 −4 ) and shape. This is illustated in Figure 6 .
Fluctuations with these characteristics can produce a substantial mass fraction in elements heavier than A > 7 (X A>7 ∼ 10 −9 ). If only a small fraction of the baryons (
reside in the high density cores of these fluctuations then all light element abundance constraints can be satisfied. Figure 7 shows the evolution of a fluctuation with the appropriate characteristics. have used an extended nuclear reaction network to investigate the abundance pattern which emerges from the nucleosynthesis process in such fluctuations. They find that intermediate mass nuclei on the proton-rich side of the valley of beta stability can be significantly produced as a possible observable signature of such inhomogeneities.
Our calculations show that late-time r-process production of heavy nuclides associated with the neutron-rich low-density regions of fluctuation cells (Applegate 1988; Applegate et al. 1993 ) is very unlikely. We find that neutron back diffusion effectively eliminates neutron-rich low-density environments before the onset of an r-process is possible.
Our investigation shows that it is remarkably difficult to reconcile inhomogeneous Big
Bang nucleosynthesis yields with observationally-inferred primordial light element abundances. In fact only very narrow ranges of fluctuation characteristics can give nuclear abundances which satisfy observational constraints. In the following subsections we discuss some specific features of IBBN production of 4 He, 7 Li, 2 H, and 3 He.
4 He
The production of 4 He in IBBN models can be sensitive to neutron back diffusion but This back diffusion is driven by the gradient in neutron number density which develops as neutrons are consumed in the higher density regions. Most neutrons which diffuse back toward high density zones are incorporated into alpha particles. The result can again lead to 4 He overproduction. This is evident in Figure 5 , where back-diffusion-driven 4 He production is dominant.
The average nucleosynthesis yield of 4 He can be a minimum when the value of 2l In Figure 15 we compare the yields from our hydrodynamic calculations with simple mixing approximations. In this figure keV in which Reaction Rate Set I is employed (Table 1 ). The short-dashed and long-dashed curves correspond to mixing calculations with T m = 20 keV in which we used Reaction Rate Sets I and II, respectively. Table I lists reaction rates for p(n,γ) 2 H and 7 Be(n, p) 7 Li taken from Smith et al. (1993) , Mathews et al. (1990), and Fowler (1993) . The Smith et al. (1993) rates constitute Reaction Rate Set I, while the Mathews et al. (1990) and Fowler (1993) comprise Reaction Rate Sets II and III, respectively. Our hydrodynamic calculations employ Reaction Rate Set II.
The mixing calculations shown in Figure 15 reproduce the results found in . We note, however, that our realistic hydrodynamic calculations do not show the large amounts of 7 Be destruction obtained in mixing calculations. Even if we artificially increase the expansion rate of exploding fluctuations by a factor of 20 this conclusion would not change. Figure 15 shows that 7 Be late-time destruction can be sensitive to the nuclear reaction rates employed in the calculations. This fact can be important for IBBN calculations at low Ω b , where 7 Be destruction is more significant.
General considerations of neutron numbers and reaction cross sections can be used to understand the requirements for significant 7 Be destruction. Two processes which remove neutrons compete with the 7 Be(n, p) 7 Li destruction channel: radiative neutron capture by protons; and free neutron decay. Neutrons diffusing back into high density regions will be consumed principally by either p(n,γ) 2 H or 7 Be(n, p) 7 Li. Comparing the reaction rates for these processes we find,
where Y n , Y H , and Y7 Be are the neutron, proton and 7 Be number fractions relative to hydrogen, respectively. With this notation Y H = 1. In equation (5) λ pn is the reaction rate for p(n,γ) 2 H, while λ nBe is the rate for 7 Be(n, p) 7 Li. A 7 Be abundance of Y7 Be ∼ 10 −8 is typical for the epochs where rapid hydrodynamic expansion is likely. From this and equation (5) we see that only about one in 600 neutrons will be captured on 7 Be.
We conclude that efficient 7 Be destruction would require that roughly 600 neutrons per is fixed at l s 100 = 12 m. These calculations employ a large value for the average baryon density, Ω b = 0.025h −2 . The overall 7 Li yield in this case is dominated by 7 Be production in higher density regions. We see that hydrodynamic effects induce a decrease in 7 Be/H by a factor of 1.5. Note that a small amount of 7 Li is produced in the course of the 7 Be destruction. This is because the 7 Li(p,α)α rate is not completely effective in destroying 7 Li in the high density zones at low temperatures. 
where Ω H ef f is the effective baryon density in the core region divided by the closure density. produces a similar effect. Figure 13 illustrates these trends. In interpreting this figure it helps to note that small a 100 tends to be associated with smaller values for L H 100 . This figure shows a nearly two order of magnitude destruction of 7 Be for small a 100 .
Deuterium and 3 He
The nucleosynthesis yield of 3 He in our IBBN study is relatively insensitive to fluctuation parameters. This is because 3 He is produced in both high and low density regions of a fluctuation cell. (Walker et al. 1991 ). This limit presupposes no significant non-Big-Bang source of 2 H (see the discussion in Gnedin & Ostriker 1992) . Dearborn et al. (1986) derive an upper bound on the sum of 2 H and 3 He of (Y2 H + Y3 He ) < ∼ 9 × 10 −5 . We find that IBBN models with low average Ω b frequently produce 2 H yields which exceed this upper limit.
Conclusions
We have studied the primordial nucleosynthesis process for universes with sphericallycondensed high-amplitude baryon-to-photon fluctuations. Unlike previous efforts to investigate this problem, our numerical calculations couple nuclear reactions with all important diffusive and hydrodynamic fluctuation dissipation mechanisms. These hydrodynamic effects can be important for determining the final light element abundance yields in our IBBN models.
We find considerable hydrodynamic-expansion-induced destruction of 7 Be ( 
